In this report, we examine how the Ras protein regulates neuronal survival, focusing on sympathetic neurons. Adenovirusexpressed constitutively activated Ras (RasV12) enhanced survival and the phosphorylation of Akt (protein kinase B) and MAP kinase (MAPK), two targets of Ras activity. Functional inhibition of endogenous Ras by adenovirus-expressed dominantinhibitory Ras (N17Ras) decreased nerve growth factor (NGF)-dependent survival and both Akt and MAPK phosphorylation as well. To determine the signaling pathways through which Ras mediates survival, we used Ras effector mutants and pharmacological inhibitors that selectively suppress phosphatidylinositol 3-kinase (PI3-K)/Akt or MAP kinase kinase (MEK)/MAPK pathways. The Ras effector mutant Ras V12 Y40C, which selectively stimulates PI3-K and Akt, rescued survival in the absence of NGF, and the PI3-K inhibitor LY 294002 inhibited both Rasand NGF-dependent survival. Ras V12 T 35 S, which activates MEK/MAPK but not PI3-K/Akt, was less effective at rescuing survival, whereas the MEK inhibitor PD 098059 also partially suppressed Ras-dependent survival. To investigate the mechanisms by which Ras suppresses neuronal death, we examined whether Ras functions by inhibiting the proapoptotic p53 pathway (Jun-N-terminal kinase/p53/BAX) that is necessary for neuronal death after NGF withdrawal and p75NTR activation. We found that RasV12 suppressed c-jun, BAX, and p53 levels, whereas inhibition of NGF-induced Ras-survival activity via N17Ras increased the levels of these proteins. Furthermore, the E1B55K protein, which suppresses p53 activity, blocked N17Ras-induced neuronal death. Together, these results indicate that Ras is, in part, both necessary and sufficient for survival of sympathetic neurons and that this effect is mediated by activation of both the PI3-K-and MEK-signaling cascades, which in turn suppress a proapoptotic p53 pathway.
In this report, we examine how the Ras protein regulates neuronal survival, focusing on sympathetic neurons. Adenovirusexpressed constitutively activated Ras (RasV12) enhanced survival and the phosphorylation of Akt (protein kinase B) and MAP kinase (MAPK), two targets of Ras activity. Functional inhibition of endogenous Ras by adenovirus-expressed dominantinhibitory Ras (N17Ras) decreased nerve growth factor (NGF)-dependent survival and both Akt and MAPK phosphorylation as well. To determine the signaling pathways through which Ras mediates survival, we used Ras effector mutants and pharmacological inhibitors that selectively suppress phosphatidylinositol 3-kinase (PI3-K)/Akt or MAP kinase kinase (MEK)/MAPK pathways. The Ras effector mutant Ras V12 Y40C, which selectively stimulates PI3-K and Akt, rescued survival in the absence of NGF, and the PI3-K inhibitor LY 294002 inhibited both Rasand NGF-dependent survival. Ras V12 T 35 S, which activates MEK/MAPK but not PI3-K/Akt, was less effective at rescuing survival, whereas the MEK inhibitor PD 098059 also partially suppressed Ras-dependent survival. To investigate the mechanisms by which Ras suppresses neuronal death, we examined whether Ras functions by inhibiting the proapoptotic p53 pathway (Jun-N-terminal kinase/p53/BAX) that is necessary for neuronal death after NGF withdrawal and p75NTR activation. We found that RasV12 suppressed c-jun, BAX, and p53 levels, whereas inhibition of NGF-induced Ras-survival activity via N17Ras increased the levels of these proteins. Furthermore, the E1B55K protein, which suppresses p53 activity, blocked N17Ras-induced neuronal death. Together, these results indicate that Ras is, in part, both necessary and sufficient for survival of sympathetic neurons and that this effect is mediated by activation of both the PI3-K-and MEK-signaling cascades, which in turn suppress a proapoptotic p53 pathway. Trk; survival; apoptosis; adenovirus; Raf; p53; Bax Nerve growth factor (NGF) is essential for maintaining the survival of different subsets of neurons, including sympathetic neurons from the rat superior cervical ganglia (Levi-Montalcini, 1987) . NGF mediates survival by binding to TrkA (Kaplan et al., 1991a,b; K lein et al., 1991) , an event that stimulates the activity of multiple signaling proteins, including the small GTP-binding protein p21Ras (Segal and Greenberg, 1996; Kaplan and Miller, 1997) . Ras activates several downstream effectors, including Raf and phosphatidylinositol 3-kinase (PI3-K) (Rodriguez-Viciana et al., 1994; Vojtek and Der, 1998) . Raf binds to and activates MAP kinase kinase 1 (M EK1) and M EK2, activators of the MAP kinases [M APK or extracellular signal-regulated kinase (ERK)], which play important roles in the regulation of neuritogenesis in pheochromocytoma 12 (PC12) cells (Cowley et al., 1994; Fukuda et al., 1995; Pang et al., 1995) . PI3-K is a key regulator of cell survival, morphology, and growth cone extension in neural cells (Yao and Cooper, 1995; Dudek et al., 1997; Crowder and Freeman, 1998; Klesse and Parada, 1998) . A target of PI3-K activity, the serine/threonine kinase Akt (or protein kinase B), has been shown to be necessary and sufficient for stimulating the survival of sympathetic, cerebellar, and immortalized hippocampal neurons , Philpott et al., 1997 Crowder and Freeman, 1998; Eves et al., 1998) . The role of the Ras effectors has been best defined in non-neuronal cells via the use of Ras effector mutants. Distinct mutations in the protein recognition, or effector, domain result in the loss of the ability of constitutively activated Ras (RasV12) to stimulate Raf-, PI3-K-, or Ral-GDP dissociation stimulator (GDS)-signaling pathways and of selective biological responses (Rodriguez-Viciana et al., 1997) . For example, the Ras effector mutant Ras V12 Y40C induces membrane ruffling in fibroblasts via its ability to activate selectively PI3-K and not Raf or RalGDS (Joneson et al., 1996; Rodriguez-Viciana et al., 1997) . In several cases, such as the induction of DNA synthesis (Joneson et al., 1996) , the concerted action of multiple Ras effectors is needed to mimic the biological actions of wildtype RasV12.
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In primary neurons, the role of Ras in neurotrophin-regulated cell survival and differentiation varies depending on the cell type assayed. Ras activity is necessary and sufficient for survival and neuritogenesis of rat and chick sensory but not chick sympathetic neurons (Borasio et al., 1993; Vogel et al., 1995; Klesse and Parada, 1998) . Paradoxically, Ras activity is required for the survival, although not neuritogenesis, of rat sympathetic neurons (Nobes and Tolkovsky, 1995; Nobes et al., 1996; Markus et al., 1997) . In these cases, the mechanisms by which Ras stimulates survival and suppresses apoptosis remain to be determined.
In this report, we examine the signaling pathways used by Ras to stimulate sympathetic neuron survival and to suppress apoptosis. We show that Ras activity is required for a portion of neuronal survival and that Ras mediates its actions via both PI3-K and M EK . Ras exerts its effects by suppressing the levels or activities of c-jun, the p53 tumor suppressor, and Bax, which are key elements in the major apoptotic pathway in sympathetic neurons, and apoptosis resulting from suppression of NGFinduced Ras activity requires p53 activity.
MATERIALS AND METHODS
Preparation of recombinant adenoviruses. C -myc-tagged RasV12 and dominant-inhibitory Ras (N17Ras) constructs (kind gift of Dr. C. Bazenet) as well as the double mutants Ras V12 T 35 S, Ras V12 D38E, and Ras V12 E37G (kind gift of Dr. P. Warne) were cloned into the pAd-C M V-F1-IRES-EGFP bicistronic expression vector (E xogen Neurosciences, Montreal, Quebec, C anada). Ras V12 Y40C was cloned into the expression vector pAd-C M V5-F1 (E xogen Neurosciences). E xpression of Ras and, for the bicistronic vectors, green fluorescent proteins (GFPs) was confirmed in transiently transfected 293 cells by Western blot analysis using anti-Ras [Pan Ras (Ab-4); 1:1000; Oncogene Sciences, Uniondale, N Y] and anti-GFP (1:2000; C lontech, Palo Alto, CA) antibodies, respectively. Replication-defective recombinant adenoviruses were prepared and purified as described previously (Slack et al., 1996) . Briefly, expression vectors containing the Ras mutants were cotransfected with replication-defective adenoviral DNA (Quantum Biotechnologies, Laval, Quebec, C anada) in 293 cells. Plaques were selected and tested for Ras expression by Western blot analysis. Positive plaques were repurified twice by limiting dilution. Finally, recombinant adenoviruses were amplified, purified on C sC l gradients, and titered by plaque assay in 293 cells. As controls, GFP-or Escherichia coli ␤-galactosidase-expressing recombinant adenoviruses (E xogen Neurosciences and Dr. F. Graham, McMaster University, Hamilton, Ontario, C anada, respectively) generated using the same viral backbone as above were used. The recombinant adenovirus expressing E1B55K was a generous gift of Phil Branton (McGill University, Montreal, Quebec, C anada) .
Primar y neuronal cultures. Mass cultures of pure sympathetic neurons derived from the superior cervical ganglia (SCG) were prepared from postnatal day 1 rats essentially as described previously (Ma et al., 1992) . C ells were plated in rat tail collagen-coated 96 (for survival assays)-or 6 (for Western blot analysis)-well plates (Falcon Labware; Becton Dickinson, Lincoln Park, NJ) at densities of 3000 -5000 or 0.5-1 ϫ 10 5 cells, respectively. For nuclear staining, 5000 -10,000 neurons were plated on poly-D-lysine (Sigma, St. L ouis, MO) and laminin (Becton Dickinson)-treated glass coverslips. Neurons were maintained in Ultraculture medium containing 2 mM glutamine, 100 U/ml penicillin, 100 g /ml streptomycin (all from BioWhittaker, Walkersville, MD), and 3% rat serum (Harlan Bioproducts, Madison, W I) and initially cultured for 5 d in the presence of 50 ng /ml NGF (C edarlane, Hornby, Ontario, C anada) after which they were maintained in the same medium without serum. This concentration of 50 ng /ml NGF was used to maximally induce p75N TR, tyrosine hydroxylase, Talpha1 ␣-tubulin, and other differentiationrelated genes (Ma et al., 1992) . Thereafter, the NGF concentration was reduced to 10 ng /ml. We have shown previously that 10 ng /ml is the amount of NGF required for 100% survival of our neuronal cultures (Belliveau et al., 1997) .
V iral infections. After 5 d in culture, a sample well was trypsinized, and cells were counted. Subsequently, medium was removed, and recombinant adenovirus diluted in Ultraculture and DM EM (50:50; DM EM from Life Technologies, Gaithersburg, MD) containing 2 mM glutamine, 100 U/ml penicillin, 100 g /ml streptomycin, 10% fetal bovine serum, and 30 ng /ml NGF was added to the sympathetic neurons. The multiplicity of infection (MOI) indicates the number of plaque-forming units added per cell. After 20 -24 hr, the virus-containing medium was removed and replaced with Ultraculture medium containing 2 mM glutamine, 100 U/ml penicillin, 100 g /ml streptomycin, and 20 ng /ml NGF (serum-free). After an additional 24 hr, the medium was removed, and the cells were washed 4 times with NGF-free medium and then incubated in serum-free medium with or without the addition of 10 ng /ml NGF.
Survival assays and pharmacolog ical treatments. Survival assays were performed 72-96 hr after viral infection (2-5 d after NGF withdrawal) as described previously (Slack et al., 1996) , using the nonradioactive cell proliferation assay (MTT; Sigma). Briefly, MTT reagent (final concentration, 0.5 mg /ml) was added to each well for 2.5 hr. After removing the media and lysing the cells with 100 l of solubilization solution [HC l acid and isopropanol (0.002:1)], the colorimetric reaction was measured in a spectrophotometer.
For survival assays after pharmacological treatments, neurons were infected where appropriate, and after 2 d, cultures were exposed to different concentrations of PD 98059 and LY 294002 in serum-free media (C albiochem, San Diego, CA). We established that maximal effects on survival were attained at concentrations of 75 M PD 98059 and 100 M LY 294002 in NGF-treated cultures. C ells treated with the appropriate volume of diluted DMSO, used to solubilize the drug stocks, served as controls. The volume of DMSO never surpassed 2 l /ml of media.
Immunoc ytochemistr y, nuclear staining, and terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick end labeling. For Ras and c-myc immunocytochemistry, cells maintained in the presence of 10 ng /ml NGF were fixed 48 hr after infection with 2% formalin in PBS for 10 min. C ells were then washed and blocked for 20 min with 5% goat serum in PBS and 0.02% Triton X-100, followed by a 90 min incubation with either rat anti-Ras (20 l /ml; Ab-2; Oncogene Sciences) or mouse anti-c-myc (1:150; PharMingen, Mississauga, Ontario, C anada) antibodies. After washing, cells were incubated, where appropriate, with a cy3-conjugated anti-rat or anti-mouse secondary antibody (1:1000; Jackson ImmunoResearch, West Grove, PA) for 45 min, washed, mounted in mounting media (Sigma), and examined by fluorescence microscopy.
For terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUN EL), cells fixed in ice-cold methanol and acetone (1:1) for 10 min were incubated with 1.5% terminal deoxynucleotidyl transferase (TdT; Promega, Madison, W I) and 1% biotin-16-dUTP (Boehringer Mannheim, Montreal, Quebec, C anada) in TdT buffer for 1 hr at 37°C. After washing, cells were incubated with cy3-streptavidin (1:3000; Jackson ImmunoResearch) for 45 min at room temperature. Cultures were counterstained with Hoechst 33258 stain (2 g /ml; IC N Biomedicals, Costa Mesa, CA) for 1 min. Quantitation was done on randomly selected fields by counting the total number of Hoechst-and TUN EL -positive neurons.
Western blot anal ysis. Seventy-two to ninety-six hours after viral infections (2-3 d after NGF withdrawal, where appropriate), cells were washed twice in PBS and lysed in Tris-buffered saline (TBS) lysis buffer (Knusel et al., 1994 ) (137 mM NaC l and 20 mM Tris, pH 8.0) containing 1% N P-40, 10% (v/ v) glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 g /ml aprotinin, 0.2 g /ml leupeptin, 1.5 mM sodium vanadate, and 0.1% SDS for 10 min at 4°C. After a 5 min centrif ugation, the protein concentration in the supernatant was determined using the BCA Protein Assay Reagent kit (Pierce, Rockford, IL). Equal amounts of proteins (50 -100 g) were separated on 7.5% (for M APK , Akt, and p53 proteins) or 15% (for Ras proteins) polyacrylamide gels under denaturing conditions. After gel electrophoresis, proteins were transferred to nitrocellulose membranes. Membranes were then blocked in 5% nonfat milk in TBS containing 0.08% T ween 20 (TBST) for 90 min followed by an overnight incubation with the primary antibodies diluted in 5% nonfat milk in TBST as follows: rabbit anti-phosphorylated-M APK (1:10,000; Promega), rabbit anti-phosphorylated-Akt (1:1000; New England Biolabs, Beverly, M A), rabbit anti-M APK1 (which recognizes denatured M APK2 as well; 1:10,000; Santa Cruz Biotechnologies, Santa Cruz, CA), mouse anti-Ras [Pan Ras (Ab-4); 1:1000; Oncogene Sciences], mouse monoclonal anti-c-jun (1:1000; Santa Cruz Biotechnologies), rabbit antiBax (1:500; Santa Cruz Biotechnologies), and rabbit anti-p53 (1:1000; Novocastra, Newcastle upon T yne, United K ingdom). Membranes were then extensively washed and incubated for 90 min with HRP-conjugated goat anti-mouse (for Ras and anti c-jun) or goat anti-rabbit (for all other antibodies) IgG (Boehringer Mannheim) diluted 1:10,000 in TBST and 5% nonfat milk. Immunopositive bands were visualized using enhanced chemiluminescence (Amersham, Arlington Heights, IL) and X AR x-ray film (Eastman Kodak, Rochester, N Y).
RESULTS

Constitutively activated Ras supports sympathetic neuron survival in the absence of NGF and stimulates phosphorylation of both MAPK and Akt
Previous studies have shown that Ras can mediate sympathetic neuron survival (Nobes and Tolkovsky, 1995; Nobes et al., 1996; Markus et al., 1997) . However, the downstream effectors activated by Ras in these neurons remain unknown. To determine this, we generated a bicistronic recombinant adenovirus expressing RasV12 (Seeburg et al., 1984) and GFP from the same promoter and confirmed that it was appropriately expressed in sympathetic neurons by Western blot analysis (Fig. 1 A) and fluorescence microscopy ( Fig. 2 A) . We then determined whether, as predicted, RasV12 could support sympathetic neuron survival in the absence of NGF. Specifically, sympathetic neurons were grown for 5 d in 50 ng/ml NGF, infected for 24 hr with the RasV12-expressing adenovirus, and 2 d later washed free of NGF. MTT assays revealed that control sympathetic neurons infected with GFP died within 2 d of NGF withdrawal ( Fig. 1 B) , as observed previously (Chun and Patterson, 1977; Martin et al., 1988; Edwards and Tolkovsky, 1994; Bamji et al., 1998 ). In contrast, infection with RasV12 adenovirus rescued sympathetic neurons from death after NGF withdrawal in a concentrationdependent manner (Fig. 1C ). This survival response was maximal at 100 -200 MOI, where it was similar to survival induced by 5 ng/ml NGF ( Fig. 1C) . At 5 d after infection, survival induced by RasV12 was also similar to survival induced by 5 ng/ml NGF (data not shown), indicating that RasV12 appears to prevent and not just delay cell death in a portion of our neurons. RasV12 was never able to rescue survival to the levels seen for those neurons maintained in 10 ng /ml NGF, even though the level of RasV12 expression was high ( Fig. 1 A) and most of the neurons were expressing the mutated protein as determined by anti-c-myc immunocytochemistry ( Fig. 2 A,C) . T ypically, 77-85% of neurons expressed visible GFP after infection with Ras-expressing viruses.
To confirm that the survival effect observed with RasV12 was caused by a rescue from NGF withdrawal-induced apoptosis, we also examined neurons by TUN EL staining (Fig. 3A) . Quantitative TUN EL analysis confirmed that these neurons were rescued from apoptosis; 82 Ϯ 6% of neurons withdrawn from NGF for 2 d had TUN EL -positive nuclei, whereas only 28 Ϯ 2% of neurons were TUN EL positive when they were infected with RasV12 and then withdrawn from NGF (Fig. 3A) . Thus, RasV12 expression was able to rescue the majority of sympathetic neurons from NGF withdrawal-induced apoptosis, indicating that Ras signaling is sufficient for neurotrophin-mediated sympathetic neuron survival.
We then determined whether expression of RasV12 led to the activation of multiple signaling pathways, focusing on the Raf/ MEK/MAPK as well as on PI3-K /Akt pathways. Sympathetic neurons were infected with adenoviruses expressing either GFP or RasV12, maintained for an additional day in NGF, withdrawn from NGF for 2 d, and subsequently analyzed by Western blots for activation of M APK and Akt using phosphorylation and activation state-specific antibodies (Fig. 1 D) . As expected, the levels of phosphorylation of both Akt and the M APKs were significantly higher in neurons maintained in NGF than in those infected with GFP adenovirus and withdrawn from NGF for 48 hr (Fig. 1 D) . In neurons maintained in the absence of NGF, expression of RasV12 led to strong phosphorylation of both Akt and the MAPKs to levels comparable with those seen in neurons maintained in 10 ng/ml NGF (Fig. 1 D) . Thus, these results show that RasV12 expression is sufficient to sustain sympathetic neuron survival and can activate both MAPK-and Akt-signaling pathways in these neurons.
Dominant-inhibitory Ras blocks NGF-induced survival of sympathetic neurons and Akt and MAPK phosphorylation
Neonatal sympathetic neurons require neurotrophin-mediated TrkA receptor activation for their survival, both in vivo (LeviMontalcini and Brooker, 1960) and in culture (Levi-Montalcini and Angeletti, 1963; Coughlin and Collins, 1985; Belliveau et al., 1997) . To determine whether this TrkA-dependent survival is mediated via Ras, we generated a bicistronic recombinant adenovirus expressing N17Ras (Sigal et al., 1986) and GFP from the same promoter. We then confirmed that this adenovirus generated the appropriate protein products. Sympathetic neurons were infected with N17Ras adenovirus in the presence of 10 ng/ml NGF, and 3 d later Western blots for Ras and immunocytochemistry for c-myc were performed. The biochemical analysis (Fig.  4 A) demonstrated overexpression of a Ras-immunoreactive protein of ϳ21 kDa in neurons infected with the N17Ras adenovirus. In control neurons, a similar-sized band was observed, corresponding to endogenous Ras, which was present at much lower levels (Fig. 4 A) . Fluorescence microscopy also indicated that the majority of sympathetic neurons expressed N17Ras (Fig. 2 B,D) .
Having confirmed that N17Ras was expressed in neurons, we then asked whether Ras activation was necessary for NGFmediated sympathetic neuron survival. Specifically, postnatal day 1 sympathetic neurons were cultured in 50 ng/ml NGF for 5 d, at which time they were infected for 24 hr with the N17Ras adenovirus at various MOIs. After infection, neurons were maintained in 10 ng/ml NGF for 3 additional days, and survival was then quantified using MTT assays (Manthorpe et al., 1986) (Fig. 4 B) . N17Ras expression decreased NGF-mediated sympathetic neuron survival by up to 43%, whereas infection with a control GFP-expressing adenovirus at the same MOIs had no effect (Fig.  4 B) , indicating that Ras activation is required for at least a portion of the NGF-mediated survival.
To confirm that this decrease in neuronal survival was caused by apoptosis, we examined neurons by Hoechst staining and TUNEL analysis 3 d after infection with N17Ras (Fig. 3) . Quantitative analysis revealed that 4 Ϯ 1% of neurons infected with an adenovirus expressing only GFP and maintained in 10 ng/ml NGF were TUNEL positive (Fig. 3A) . In contrast, infection with the N17Ras adenovirus increased the percentage of TUNELpositive nuclei to 32 Ϯ 2% (Fig. 3A) . In addition, the TUNELnegative neurons exhibited intact, rounded nuclei as revealed by Hoechst staining, whereas those that were TUNEL positive showed condensed and in some cases fragmented nuclei (Fig.  3B,C) , the latter an indication of apoptotic death induced by growth factor deprivation (Darzynkiewicz et al., 1992; Deckwerth and Johnson, 1993; Edwards and Tolkovsky, 1994) .
We then investigated whether infection with the N17Ras adenovirus led to inhibition of two of the signal transduction pathways activated by RasV12 in these neurons, Raf/MEK/MAPK and PI3-K/Akt (Fig. 1 D) . In one set of experiments, sympathetic neurons were cultured in NGF for 5 d, infected with adenoviruses expressing either GFP alone or N17Ras for 24 hr, and then maintained in 10 ng/ml NGF for 3 additional days. Cells were subsequently lysed and analyzed for phosphorylation of MAPK and Akt using phosphorylation and activation state-specific antibodies. Western blot analysis revealed that in cultures maintained in 10 ng/ml NGF, N17Ras induced a 42% decrease in phosphorylation of Akt and a 30% decrease in phosphorylation of MAPKs relative to that in neurons maintained in NGF but infected with the GFP adenovirus (Fig. 4C) . These results show that Ras is necessary for a portion of NGF-induced sympathetic neuron survival and that cell death induced by N17Ras is accompanied by a concomitant reduction in Akt and MAPK phosphorylation.
Ras sustains sympathetic neuron survival via multiple downstream effectors
Together, these results indicate (1) that Ras is a key regulator of sympathetic neuron survival, (2) that it signals via multiple pathways in sympathetic neurons, and (3) We next confirmed that these effector mutants functioned as predicted in sympathetic neurons. Specifically, NGF-dependent sympathetic neurons were infected with adenoviruses expressing activated Ras or one of the three effector mutants and were maintained for an additional 24 hr in NGF. Two days after NGF withdrawal, Western blot analysis was performed for phosphorylated Akt, a downstream target of PI3-K, or for phosphorylated MAPKs, downstream targets of Raf-1 and MEK (Fig. 5B) . Ras V12 Y40C, which selectively activates PI3-K, induced phosphorylation of Akt but not phosphorylation of the MAPKs (Fig.  5B) . Conversely, expression of Ras V12 T 35 S led to phosphorylation of the MAPKs but not Akt (Fig. 5B) . Finally, as predicted, Ras V12 E37GE failed to induce phosphorylation of these downstream substrates. In the case of each mutant, the phosphorylation of MAPK and Akt was less than that observed with NGF treatment. RasV12 sustains high levels of phosphorylation of Akt and MAPK in the absence of NGF. After 5 d in 50 ng/ml NGF, cultures were infected with 100 MOI of RasV12 or GFP control virus. T wenty-four and forty-eight hours after the onset of the infection, cells were deprived of NGF. As a positive control, cultures were maintained in the continuous presence of 10 ng/ml NGF. After 2 d, cells were lysed, and Western blot analyses were performed using phosphorylation and activation state-specific antibodies against Akt or MAPK. Note that the levels of phosphorylation of these two Ras downstream effectors are similar in cultures infected with RasV12 and in those treated with NGF. To confirm that the amounts of protein were similar in each lane, we reprobed the blots with anti-ERK1 antibody (bottom bands). P-AKT, Phospho-Akt; P-ERKs, phospho-MAPKs.
Because the Ras effector mutants selectively activated the predicted pathways in sympathetic neurons, we next determined whether these proteins were capable of mediating sympathetic neuron survival. Neurons were grown for 5 d in 50 ng/ml NGF and infected with one of the three Ras effector mutant-expressing adenoviruses, and 48 hr later they were withdrawn from NGF for 2 d. MTT assays revealed that Ras V12 Y40C maintained survival of sympathetic neurons in the absence of NGF in a concentrationdependent manner (Fig. 5C) , with a statistically significant increase in survival first detected at 25 MOI. At the highest MOI used in this study (200 MOI), Ras V12 Y40C was able to mediate ϳ60% of the survival mediated by RasV12 when these proteins were expressed at similar levels (data not shown). Similarly, Ras V12 T 35 S was able to promote sympathetic neuron survival (Fig. 5D ), although to a much lesser degree than was Ras V12 Y40C (Fig. 5C ). Ras V12 E37G was unable to mediate sympathetic neuron survival at any of the MOIs used either alone (Fig. 5E ) or in combination with other effector mutants (data not shown), in spite of the fact that it was expressed at levels similar to that of the other two effector mutants (Fig. 5A) . These results suggest that the RalGDS pathway is not important in mediating sympathetic neuron survival and that Ras promotes sympathetic neuron survival via pathways originating primarily from PI3-K but also from Raf-1.
To confirm that Ras mediates neuronal survival via these two downstream pathways, we used two pharmacological agents: (1) PD 98059 that selectively inhibits M EK (which is immediately downstream of Raf) and (2) LY 294002 that selectively inhibits PI3-K . Initially, we confirmed biochemically the selectivity of these pharmacological agents in sympathetic neurons. Specifically, sympathetic neurons were selected in NGF, infected with adenoviruses expressing GFP or RasV12, and then switched to media without NGF containing 100 M LY 294002 or 75 M PD 98059 for 2 d. As a control, uninfected sister cultures were maintained in media containing 10 ng /ml NGF with or without one of these two drugs. We then analyzed these neurons for phosphorylation of Akt (downstream of PI3-K) and MAPKs (downstream of MEK) by Western blots. As shown previously in other cell types (Vlahos et al., 1994; Dudley et al., 1995) , LY 294002 inhibited the NGF-induced phosphorylation of Akt but had no effect on the phosphorylation of MAPK, whereas PD 98059 inhibited NGF-induced phosphorylation of MAPKs but not of Akt (Fig. 6 A) . These two drugs had similar effects on substrate phosphorylation in response to activated Ras. LY 294002 inhibited Ras-induced phosphorylation of Akt, with no effect on the phosphorylation of MAPK, whereas PD 98059 inhibited Ras-induced phosphorylation of MAPK, with no effect on Akt (Fig. 6 A) .
Having confirmed the selectivity of action of these two drugs, we next determined whether they inhibited the ability of RasV12 to mediate sympathetic neuron survival, as predicted by the Ras effector data. As a baseline, we determined the effects of these two drugs on NGF-induced survival of sympathetic neurons that were either mock infected or infected with an adenovirus expressing GFP (Fig. 6 B) . For this study, neurons were selected in 50 ng/ml NGF for 5 d, infected with GFP-expressing adenovirus (100 MOI), and after 48 hr switched for an additional 2 d to 10 ng/ml NGF with or without PD 98029 or LY 294002, after which neuronal survival was measured by MTT assays. The PI3-K inhibitor LY 294002 decreased by 70 -80% the survival of uninfected or GFP-infected sympathetic neurons (Crowder and Freeman, 1998) , whereas PD 98029 decreased sympathetic neuron survival by Ͻ20% (Fig. 6 B) . Our results showing suppression of survival by LY 294002 are similar to those of Crowder and Freeman (1998) but differ from those of Philpott et al. (1997) .
We next determined the effects of these two drugs on the inhibition of sympathetic neuron survival as mediated by RasV12 or the two Ras effector mutants Ras V12 T 35 S and Ras V12 Y40C. NGF-dependent sympathetic neurons were infected with 100 MOI of each of these three viruses and were then switched into media without NGF, containing either PD 98059 or LY 294002. Two days later, we performed MTT assays to measure neuronal survival (Fig. 6C) . Inhibition of M EK with PD 98059 completely abolished the ability of Ras V12 T 35 S, which selectively activates Raf-1 and M EK , to promote sympathetic neuron survival (Fig.  6C ), whereas LY 294002 had no effect. This result f urther confirms that the effects of Ras V12 T 35 S are mediated via Raf/MEK/ MAPK rather than, or in addition to, RalGDS. Similarly, inhibition of PI3-K activity with LY 290042 completely abolished the ability of Ras V12 Y40C, which selectively activates PI3-K, to mediate sympathetic neuron survival (Fig. 6C ), whereas PD 98059 had no effect. Finally, as predicted by the Ras effector mutant data, LY 290042 and PD 98059 were both independently able to inhibit survival mediated by RasV12; inhibition of PI3-K by LY 290042 inhibited Ras-mediated survival by ϳ60%, whereas both LY 290042 and PD 98059 together decreased survival to near background levels. Thus, as indicated by the effector mutant data, Ras mediates sympathetic neuron survival via activation of PI3-K /Akt and Raf/MEK/MAPK signal transduction pathways.
Activated Ras suppresses and dominant-inhibitory Ras induces the c-jun/p53/Bax pathway in sympathetic neurons
We have demonstrated recently that sympathetic neuron apoptosis after NGF withdrawal or p75 receptor activation is dependent on an apoptotic pathway that involves JN K, p53, and Bax . To determine whether activated Ras can suppress this pathway, we infected sympathetic neurons with RasV12 adenovirus and biochemically examined proteins in this pathway. Sympathetic neurons were infected with RasV12 and withdrawn from NGF, and 24 -48 hr later, the levels of c-jun, p53, and Bax were examined. Withdrawal from NGF increased, as expected, the level and degree of phosphorylation of c-jun (Ham et al., 1995; Bamji et al., 1998; Eilers et al., 1998) and increased the levels of p53 and Bax protein in GFPexpressing adenovirus-infected cultures relative to that in sister cultures treated with 10 ng/ml NGF (Fig. 7A ). RasV12 expression inhibited the increases in c-jun, p53, and Bax protein levels that are observed after NGF withdrawal (Fig. 7A) , coincident with its ability to rescue sympathetic neuron apoptosis.
To determine whether TrkA-induced activation of Ras mediates survival by suppressing the c-jun/p53/Bax apoptotic pathway, we inhibited Ras activity by infecting sympathetic neurons with N17Ras and examined the levels of c-jun, p53, and Bax. Specifically, neurons were maintained in NGF for 5 d, infected with either GFP or N17Ras-expressing adenovirus, and then maintained with or without 10 ng/ml NGF for an additional 2 d. Expression of N17Ras elevated the levels of these apoptotic proteins in NGF-treated neurons (Fig. 7B) , coincident with its ability to induce apoptosis. Thus, our results suggest that in sympathetic neurons, TrkA-mediated activation of Ras normally suppresses the c-jun/p53/Bax apoptotic pathway.
To provide genetic evidence that p53 is required for apoptosis induced by suppression of the NGF-activated Ras-signaling pathway, we asked whether suppression of p53 could prevent N17Ras-induced sympathetic neuronal death in the presence of NGF. To suppress p53, we used an adenovirus vector that functionally ablates p53 via the actions of E1B55K and targets p53 for degradation via the adenovirus E4orf6 product (Yew and Berk, 1992; Querido et al., 1997; Teodoro and Branton, 1997; Aloyz et al., 1998) . We have shown previously that this vector will suppress in the presence of 10 ng /ml NGF. Twenty-four hours after infection, cultures infected with RasV12 were deprived of NGF, while those infected with N17Ras were maintained in 10 ng /ml NGF. Three days after infection, cells were processed for TUN EL and Hoechst staining. As controls, sympathetic neurons were infected with 200 MOI (control for N17 Ras) or 100 MOI (control for RasV12) of a recombinant adenovirus expressing GFP. Results are expressed as a percentage of TUNEL-positive neurons relative to the total number of Hoechst-labeled cells. B, C, Sympathetic neurons infected with N17Ras (200 MOI) and maintained in 10 ng /ml NGF for 3 d after infection were processed for TUNEL ( B) and Hoechst staining ( C). As determined by fluorescence microscopy, neurons that were TUN EL positive ( B) had nuclei containing highly condensed or fragmented chromatin ( C), confirming that they were undergoing apoptosis, whereas those that were TUNEL negative always had spherical and uniformly distributed chromatin.
p53 levels and rescue sympathetic neurons from NGF withdrawal and p75NTR-induced cell death . As reported previously , after NGF withdrawal, E1B55K rescued up to ϳ55% of the neurons relative to those maintained in 10 ng/ml NGF (Fig. 8) . Maximal antiapoptotic effects of E1B55K were attained at 300 MOI of E1B55K, which was thus used for subsequent experiments. Expression of E1B55K significantly blocked the apoptotic effects of N17Ras in neurons maintained in the presence of NGF (Fig. 8) . In data from three separate experiments, N17Ras expression inhibited neuronal survival by 42%, whereas coexpression of E1B55K with N17Ras reduced neuronal loss to 17%. Infection with control GFP adenovirus (300 MOI) did not affect the decrease in neuronal survival induced by N17Ras (Fig. 8) . These results further suggest that the antiapoptotic effects of Ras are caused by its inhibition of the p53 proapoptotic protein in sympathetic neurons.
DISCUSSION
In this study, we have examined the role of Ras and its multiple signal transduction pathways in neurotrophin-induced survival responses of postnatal rat sympathetic neurons, during the period corresponding to the time point when these neurons undergo naturally occurring cell death in vivo. Our results support several conclusions. First, activation of Ras is necessary and sufficient for a portion of NGF sympathetic neuron survival. Second, neurotrophins induce the phosphorylation of both Akt and MAPK in these neurons in a Ras-dependent manner. Third, the antiapoptotic effects of Ras are mediated primarily by PI3-K, and partially by MEK, but not by RalGDS. Fourth, Ras appears to regulate sympathetic neuron survival by suppressing the activity or levels of c-jun, p53, and Bax, which are components of the key pathway mediating naturally occurring cell death in these neurons (Deckwerth et al., 1996; Xiang et al., 1996 Xiang et al., , 1998 Aloyz et al., 1998; Bamji et al., 1998; Eilers et al., 1998) . Fifth, p53 activity is required for apoptosis induced by suppression of the NGFactivated Ras pathway.
Ras as a major mediator of sympathetic neuron survival
In agreement with previous reports on the role of Ras in rat sympathetic SCG neurons (Nobes and Tolkovsky, 1995; Nobes et al., 1996) , we show that Ras is a major mediator of NGF-induced sympathetic neuron survival. The authors of these previous reports used scrape loading of anti-Ras antibodies into newly isolated postnatal sympathetic neurons to show that Ras was responsible for approximately one-half of NGF-dependent neuronal survival. Similarly, we find that activated Ras supports, and Figure 4 . Dominant-inhibitory Ras suppresses neurotrophin-mediated sympathetic neuron survival. A, E xpression of dominant-inhibitory Ras in sympathetic neurons is shown. NGF-selected sympathetic neurons were infected with adenovirus expressing GFP or N17Ras; 3 d later, neurons were lysed, and equal amounts of protein were separated by gel electrophoresis. After transfer, the blot was probed with anti-Ras. Note that endogenous Ras can be seen in the GFP-infected neurons (arrow), but that N17Ras is expressed at much higher levels. As reported previously, Ras migrates at a slightly higher apparent molecular weight than 21 kDa (Cox et al., 1995) . B, MTT assays for sympathetic neurons infected with various MOIs of recombinant adenovirus expressing either N17Ras or GFP in the presence of NGF are shown. Neurons were selected in 50 ng/ml NGF for 5 d, infected with adenovirus, and, 48 hr after the onset of the infection, switched into media containing 10 ng /ml NGF for an additional 2 d, before the MTT assay was performed. Values are normalized to that of 10 ng/ml NGF, which supports 100% neuronal survival (Belliveau et al., 1997) , and error bars represent the SEM. A value that is statistically different from that of 10 ng /ml NGF is denoted by an * at p Ͻ 0.01(one-way ANOVA and post hoc Dunnett's multiple comparison test).
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Results are the means from three independent experiments. The GFP adenovirus has no effect on neuronal survival, whereas N17Ras significantly reduces NGF-mediated survival. C, Top, N17Ras decreases the levels of phosphorylation of Akt and M APK in cultures maintained in NGF. After 5 d in 50 ng/ml NGF, cultures were infected with N17Ras or GFP control virus (200 MOI) for 24 hr in the presence of 10 ng/ml NGF. Three days later, cells were lysed, and equal amounts of proteins were analyzed by Western blotting using phosphorylation and activation statespecific antibodies against Akt or M APK . Blots were reprobed with an antibody directed against total ERK1 (bottom bands). Shown is a representative blot of the experiment performed at least three times. Bottom, The intensity of each band (top), normalized against those of total ERK1, is shown in the bar graph. Note the decrease in the levels of NGFmediated phosphorylation of both phospho-Akt (P-Ak t) and, to a lesser extent, phospho-M APK (P-ER K ) in cultures infected with N17Ras.
N17Ras suppresses, approximately one-half of the survival responses of postnatal day 5 sympathetic neurons expressing these proteins via recombinant adenovirus. The observation that only one-half of the sympathetic neurons are affected by these manipulations of Ras activity could be attributable to low levels of expression of exogenously expressed Ras proteins or to the presence of both Ras-and non-Ras-dependent survival pathways in sympathetic neurons. It is unlikely that the expression of activated Ras via adenovirus was insufficient to promote complete survival responses, because (1) most cells in each experiment were infected by adenovirus, (2) increasing the virus particles per cell did not increase the ability of activated Ras to increase neuronal survival beyond 50% of the cells, and (3) activated Ras strongly stimulated MAPK and Akt phosphorylation, the latter a major mediator of sympathetic neuron survival (Crowder and Freeman, 1998) . The same N17Ras adenovirus did fully block neurite outgrowth responses and induced apoptosis of NGF-dependent PC12 cells (I. E. Mazzoni, F. D. Miller, and D. Kaplan, unpublished observations) , indicating that the N17Ras adenovirus that we use has the potential to inhibit NGF responses of cells completely. Therefore, the inability of activated Ras to fully stimulate and N17Ras to fully inhibit survival suggests that TrkA mediates at least one-half of neuronal survival in a Ras-independent manner. These results suggest to us that multiple signaling pathways regulate survival, with some pathways (PI3-K) being crucial for the survival of most cells and others (Ras) being necessary if completely and efficiently suppressed. It is also possible that the strength of PI3-K survival signaling depends on the relative importance of Ras-dependent and -independent signaling in a given neuron. The later may include Ras-independent mechanisms regulating PI3-K-derived survival, such as through Gab-1 (Holgado-Madruga et al., 1997) or TrkA-activated proteins such as phospholipase C-␥1, SRC, rAPS1, SH2-B, fibroblast receptor substrate-2, and SVC-associated neurotrophic factor target Kouhara et al., 1997; Qian et al., 1998) .
Studies in non-neuronal cells have shown that Ras has the potential to activate a large number of downstream effectors and may do so in a cell-specific manner (for review, see Quilliam et al., 1995; Marshall, 1996; Vojtek and Der, 1998 E37G in the presence of 30 ng /ml NGF, and 48 hr after the onset of the infection, NGF was withdrawn. As controls, neurons were infected with 100 MOI of GFP adenovirus and maintained in 10 ng /ml NGF (GFP ϩ NGF ). Two days after NGF withdrawal, cell lysates were prepared and normalized for equal amounts of proteins. Phosphorylation of M APK and Akt was examined on Western blots using anti-phospho-M APK (P-ER K ) or anti-phosphoAkt (P-A KT ). Note that Ras V12 Y40C only induces phosphorylation of Akt, whereas Ras V12 T 35 S is able to induce phosphorylation of MAPK (ERK) but not Akt. As expected, Ras V12 E37G did not stimulate the phosphorylation of these two Ras downstream effectors. C-E, Ras sustains sympathetic neuron survival via PI3-K and Raf but not RalGDS. vation of different Ras-dependent pathways can lead to distinct biological responses (Joneson et al., 1996; Khosravi-Far et al., 1996; Rodriguez-Viciana et al., 1997 (Virdee and Tolkovsky, 1995a,b; Creedon et al., 1996) . In our experiments, PI3-K was required for 60% of Ras-induced and 80% of NGF-induced neuronal survival. Although the activities of PI3-K and Akt have been shown to be sufficient to sustain sympathetic neuronal survival, there are contradictory reports on whether their activities are necessary to mediate NGF's antiapoptotic effects (Philpott et al., 1997; Crowder and Freeman, 1998) . Our results agree with those of Crowder and Freeman (1998) , who also used LY 294002, as well as dominant-inhibitory PI3-K and Akt, to inhibit sympathetic neuron survival. Our results also suggest that much, but not all, of PI3-K-induced neuronal survival is caused by Ras activity and agree with recent studies performed in sensory neurons showing that Ras-dependent activation of PI3-K is necessary to induce neuron survival (Klesse and Parada, 1998 Quilliam et al., 1995; Marshall, 1996; Vojtek and Der, 1998) , whose expression and function in sympathetic neurons remain to be determined.
Mechanism of Ras-mediated suppression of apoptosis
What is the mechanism by which Ras mediates NGF-dependent survival? In postnatal sympathetic neurons, both in vivo during Figure 6 . Inhibition of NGF-and Ras-mediated survival by the PI3-K inhibitor LY 294002 and the M EK inhibitor PD 98059. A, NGFselected sympathetic neurons were infected with 100 MOI of adenoviruses expressing GFP or RasV12. T wo days after the initiation of the infection, cultures were switched into media with no NGF but containing 100 M LY 294002 or 75 M PD 98059. As controls, mock-infected sister cultures were switched into media containing 10 ng /ml NGF plus one of the same two drugs. T wo days later, neurons were lysed and analyzed by Western blotting with anti-phospho-Akt (P-A KT ) and anti-phospho-M APK (P-ER K ). To ensure that similar amounts of proteins were present in all lanes, we reprobed the blot with an antibody against ERK1 (bottom bands). Note that, as expected, LY 294002 inhibits phosphorylation of Akt, whereas PD 98059 only affects phosphorylation of M APK . B, C, PI3-K and M EK are required to mediate Ras survival effects on sympathetic neurons. B, Sympathetic neurons were infected with 100 MOI of GFP adenovirus and were switched to media containing 10 ng /ml NGF plus 100 M LY 294002 (LY ) or 75 M PD 98059 (PD) 48 hr after the onset of the infection. MTT assays were performed 2 d later. Mock-infected sister cultures were also analyzed after the same treatment. C, Neurons were infected with 100 MOI of adenoviruses expressing GFP, RasV12, Ras the period of naturally occurring cell death and in vitro, the balance between survival and apoptosis depends on the relative strengths of TrkA prosurvival signals and p75N TR-mediated apoptotic signals Bamji et al., 1998) . A similar finding has been reported in oligodendrocytes (Yoon et al., 1998) . Apoptosis of sympathetic neurons induced by both p75NTR and NGF deprivation is regulated via a common cell death sensor, p53. We have shown recently that p53 is necessary and sufficient for inducing apoptosis in postnatal sympathetic neurons both in vivo and in culture (Slack et al., 1996; Aloyz et al., 1998) . In this regard, we demonstrated that p53 is upregulated in response to NGF withdrawal as well as after p75N TR activation, both of which involve signaling via the M EK kinase(M EK K)/JNK pathway (Estus et al., 1994; Ham et al., 1995; C asaccia-Bonnefil et al., 1996; Bamji et al., 1998) . Furthermore, we found p53 to lie downstream of JN K and upstream of Bax ). Here we show that expression of activated Ras suppresses, whereas N17Ras increases, c-jun, p53, Bax levels, anti-P-Akt, anti-P-ERK , and anti-ERK 1. In addition, f unctional ablation of p53 by E1B55K prevents apoptotic neuronal death induced by N17Ras in NGF-treated cultures. The observation that E1B55K could not completely rescue N17Ras-treated cultures to control (NGF-treated) values could mean that additional apoptotic pathways are operational in these cells. These might include Aktinduced phosphorylation of the Bad and forkhead apoptotic proteins Brunet et al., 1999) , although we have not found Bad to be phosphorylated in NGF-treated sympathetic neuron cultures. On the basis of our data, we propose that Ras and its effectors PI3-K /Akt, and to a lesser extent M EK/MAPK, are major signaling proteins used by TrkA to suppress apoptosis. Thus, sympathetic neuron survival may not depend on the relative strengths of independent pro-and antiapoptotic signaling Figure 7 . Dominant-inhibitory Ras induces and activated Ras suppresses the p53 apoptotic pathway. Sympathetic neurons were infected with 100 MOI of RasV12 ( A) or GFP (A, labeled GFP Ϫ NGF ) or 200 MOI of N17Ras ( B). Forty-eight hours after infection, the media were changed, and cultures were maintained in the absence (GFP Ϫ NGF, RasV12 Ϫ NGF ) or presence (NGF, N17Ras ϩ NGF ) of 10 ng/ml NGF. T wo days later, cells were lysed, and equal amounts of proteins were separated electrophoretically and transferred onto nitrocellulose membranes. Western blots were probed with anti c-jun, anti-p53, anti-Bax, anti-P-Akt, anti-P-ERK , and anti-ERK 1. Note that in NGF-treated cultures, N17Ras induces an increase in the levels of expression of c-jun and a shift to a larger apparent molecular weight, indicative of increased phosphorylation ( B). RasV12 suppressed ( A) whereas N17Ras increased the levels of p53 and Bax protein ( B) . Shown are representative blots of experiments performed at least four times. The lanes labeled ERK 1 indicate total protein amounts assayed. P-Akt, Phospho-Akt; P-ER K, phospho-M APK . Figure 8 . p53 is required for neuronal death induced by suppression of NGF-induced Ras activity. Sympathetic neurons maintained in the presence of 10 ng /ml NGF were infected with increasing MOI of E1B55K (which f unctionally ablates p53) and withdrawn from neurotrophin support 48 hr after infection. Neurons were also infected with 200 MOI of N17Ras either alone or with the simultaneous addition of either 300 MOI of E1B55K (E1B) or, as a control, 300 MOI of GFP and kept in the continuous presence of 10 ng /ml NGF. In all cases, neurons were processed for MTT assays 96 hr after infection. Values are normalized as the percentage of survival attained with 10 ng /ml NGF and represent means Ϯ SEM of quadruplicate wells from three experiments. Values for N17Ras ϩ GFP are significantly different from those for N17Ras ϩ E1B55K at p Ͻ 0.05 (*) (one-way ANOVA and post hoc Dunnett's multiple comparison test). E1B55K significantly blocked the apoptotic effects induced by N17Ras in NGF-treated cultures.
pathways. Rather, neuronal survival may be dependent on the ability of TrkA-activated Ras, and on the Ras-activated effectors PI3-K /Akt and M EK , to suppress the M EK K /JN K /p53/Bax cell death pathway. Because p53 is a primary cell death sensor for PNS and C NS neurons undergoing cell death because of excitotoxicity, survival factor deprivation, and p75N TR activity (Morrison et al., 1996; Aloyz et al., 1998; Bamji et al., 1998; Xiang et al., 1998) , Ras could f unction in many neuronal contexts as a general suppressor of p53 apoptotic actions.
